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Remarks 
Rejection Under 35 U.S.C § 103 
Claims 1-26, 29 and 30 were rejected under 35 U.S.C. § 103(a) as being unpatentable 
over U.S. Patent No. 5,750,848 to Kruger, et al. ("Kruger"). Applicants respectfully traverse this 
rejection. 

The Legal Standard 

The U.S. Patent and Trademark Office has the burden under 35 U.S.C. § 103 to establish 
z prima facie case of obviousness. Inre Warner etal ,379 F.2d 1011, 154U.S.P.Q. 173, 177 
(CC.P.A. 1967); In re Fine, 837 F.2d 1071, 1074, 5 U.S.P.Q.2d 1596, 1598-99 (Fed. Cir. 1988). 
To establish a prima facie case of obviousness, three basic criteria must be met. First, there 
must be some suggestion or motivation, either in the references themselves or in the knowledge 
generally available to one of ordinary skill in the art, to modify the reference or to combine 
reference teachings. Second, there must be a reasonable expectation of success. Finally, the prior 
art reference (or references when combined) must teach Of suggest all the claim limitations. The 
teaching or suggestion to make the claimed combination and the reasonable expectation of 
success must both be found in the prior art and not based on applicant's disclosure. In re Vaeck, 
947 F.2d 488, 20 USPQ2d 1438 (Fed. Cir. 1991). 

Claims fox an invention are not prima facie obvious if the primary references do not 
suggest all elements of the claimed invention and the prior art does not suggest the modifications 
that would bring the primary references into ccaiformity with the application claims. In re . 
Fritch, 23 U.S.P.Q.2d, 1780 (Fed. Cir. 1992); In re Laskowski, 871 F.2d 115 (Fed. Cir. 1989). 
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This is not possible when the claimed invention achieves more than what any or all of the prior 
art references allegedly suggest, expressly or by reasonable implication. 

The Factual and Legal Analysis 
h The Examiner has failed to individually examine the claims* 

The claims are drawn to: 

A bacteria or plant that makes PHA, genetically engineered so that it can make the PHA 
through a fatty acid biosynthetic pathway (claims 1-12 and 29) 

A method of engineering a bacteria or plant that makes PHA so that it can make the PHA 
through a fatty acid biosynthetic pathway (claims 13-19 and 29) 

A method of making medium chain length PHA using the organism of claims 1-12 
(claims 20-24 

The invention is to start with an organism that makes PHA, either a bacteria or a plant, 
then engineer the organism so that it expresses: 

(1) 3-hydroxyacyl-ACP thioesterase AND 

(2) A PHA synthease that incorporates medium chain length hydroxy acids 
OR medium chain length 3-hydroxy fatty acid acyl CoA synthetase, 

So that the bacteria or plant accumulates medium chain PHA through the fatty acid 
biosynthesis pathway. 

The analysis for a composition claim is not the same as the method for making nor the 
method of using the composition. The examiner has failed to examine the claims noting these 
differences but has instead focused on a single common element, whether or not the organism (a 
bacteria, not a plant, as defined not only by the independent claims, but defined solely by claims 



8, 9, 17, 18, and 25). 
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2. Inherency is only an issue of novelty; not the basis for an obviousness rejection. 

It is well established that inherency is only relevant to novelty, not obviousness. One 
cannot find something obvious from an alleged inherent disclosure. The Federal Circuit has 
clearly set forth the standard for evaluating inherency in In re Robertson, 49 U.S.P.Q. 1949 (Fed 
Cir. 1999). The court held that a claim element is not "inherent" in the disclosure of a prior art 
reference unless extrinsic evidence clearly shows that missing descriptive matter is necessarily 
present in the thing described in the reference, and that it would be so recognized by persons of 
ordinary skill in the art. "Inherency, however, may not be established by mere probabilities or 
possibilities" (49 U.S.P.Q. at 1950-51). The doctrine of inherency has undergone significant 
clarification in recent years. The courts have consistently held that proof of inherency is not met 
by a mere showing of a possibility or probability that the missing element or function is present. 
Trtntec Indus., Inc. v. Top-U.S.A. Corp., 295 F.3d 1292, 1295 (Fed.Cir.2002); Continental Can 
Co. v. Monsanto Co., 948 F.2d 1264, 1269 (Fed.Cir.1991), 

In the present case, the examiner has acknowledged that Kiuger does not disclose each of 
the claimed elements since the rejection is made under 35 U.S.C. 103, not 1 02. Therefore 
inherency is not an issue. Jft is clear that to establish a rejection under 35 U.S.C § 103 the cited 
references must (1) recite each element of the claims, (2) provide one of skill in the art with the 
motivation to modify the cited reference as applicants have done and (3) provide one of ordinary 
skill in the art with a reasonable expectation of success. 

3. Kruger does not disclose each claimed element, nor provide the motivation for one 
skilled in the art to combine and use as claimed. 
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Kruger describes a single isolated gene, phaG from Pseudomonas putlda, which is 
alleged to encode a 3 -hydroxyacy 1- ACP-Co A transferase activity useful for producing (D)-3- 
hydroxyacyl-Co A precursors for the biosynthesis of polyhydroxyalkanoate (PHA) when grown 
on simple carbon sources (see col. 3, lines 1-15). 

As noted above, the claims require the bacteria or plant express the following transgenes: 

(1) 3-hydroxyacyl-ACP thioesterase AND 

(2) A PHA synthease that incorporates medium chain length hydroxy acids OR medium 
chain length 3-hydroxy fatty acid acyl CoA synthetase, 

(1) Recite Each Element Of The Claims 

Kruger does not disclose or suggest transgenic organisms that express (1) a transgene 
encoding an enzyme having the catalytic activity of 3-hydroxyacyl-ACP thioesterase and (2) one 
or more enzymes having the catalytic activity of acyl-CoA synthetase or acyl CoA transferase, 

So that the organisms accumulate medium chain length polyhydroxyalkanoates through 
the fatty acid biosynthesis pathway, 

Kruger may disclose engineering an organism to express an acyl CoA transferase. See 
col. 3, lines 20-24. However, Kruger does not disclose, nor suggest, ALSO engineering an 
organism with either an enzyme having the catalytic activity of acyl-CoA synthetase or acyl CoA 
transferase. It is not enough that a gene may have been isolated which, armed with applicants' 
disclosure, one could deduce encoded such an enzyme and that, again in hindsight, combine with 
the gene encoding the acyl CoA transferase, and then again using hindsight, not the teaching of 
Kruger, provide appropriate short chain substrate for utilization in the fatty acid pathway. 
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The examiner has decided, with no support in Kruger, that because the term ''phaG 5 ' is 
used, it must encompass the disclosure of the two claimed transgenes. However, there is no 
support for this conclusion. 

The Examiner's attention is drawn to the discussion on page 7 of the application. 
This review of the various enzyme activities, and the examples, demonstrates that 
"unexpectedly", PhaG encodes only 3-hydroxy acyl A CP thioesterase (page 7, lines 8-12). 

The examples support the discussion that one also needs acyl CoA synthetase activity 

i 

separate from this PhaG activity, in order to utilise the fatty acid biosynthetic pathway. 

(2) Provide One of Skill in the Art with the Motivation to Modify the Reference and 
Provide One of Skill in the Art with a Reasonable Expectation of Success 

Kruger states in column 3, lines 20-23, that methods are described for identifying genes 
that encode CoA-ACP acyltransferase (phaG) that would be useful in the direct conversion of 
acyl-ACP to acyl-CoA for PHA biosynthesis. According to Figure 1 in Kruger, there would be 
no need for a skilled artisan to combine phaG with any enzyme other than the enzymes involved 
in PHA biosynthesis, in any organism. Kruger does not recognize the need for an acyl 
synthetase or acyl transferase to supplement phaG in the production of medium chain PHA in E. 
coli. A skilled artisan reading the disclosure in Kruger, together with the disclosure that E3 
(phaG) enabled P. pupita Kt2440 PHAGn 195 mutants (which are defective exclusively in the 
branch of PHA biosynthesis occurring via de novo fatty acid biosynthesis) to accumulate PHA 
(as evidenced by the opacity of the transductant colonies) would have no motivation to combine 
phaG with any other enzyme, other than an enzyme in the PHA biosynthetic pathway. Nowhere 
in Kruger is it taught that phaG transformed into E. coli as fragment E3 enabled the cells to 
accumulate PHA. 
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The composition of PHA depends on the PHA synthase, the carbon source, and the 
metabolic routes used. PHA's can be divided into two groups according to the length of their 
side chains- those with short side chains such as polyhydroxybutyric acid and those with 
medium length side chains. In bacteria, each PHA group is produced by a specific pathway. 
The medium chain length pendant groups PHAs are produced by PHA synthases which have 
substrate specificity favoring the larger C6-C14 monomelic units (please see the specification at 
page 2, lines 5-9). Kruger does not enable one of ordinary skill in (he art to produce medium 
chain length PHAs in bacteria or plants. Kruger discloses that phaG can be used in conjunction 
with PHA synthase to produce PHA, However, Applicants have demonstrated at least at 
Example 2, that expression of phaG and a PHA synthase in bacteria did not result in PHA 
production, Similarly, Rliem, et aL, J. Biol Chem., 273(37):24044-51 (1998) (attached, please 
see page 24048) investigated the functional expression of phaG in E. coli expressing phaCi, and 
observed no PHA accumulation in cells grown on glucose. 

As defined by the claims, and as demonstrated by Applicants at least in Example 4, there 
is a requirement for supplemental acyl CoA synthetase or acyl CoA transferase activity for 
polymer production. Example 4 demonstrates that phaG acts in vivo as a 3-hydroxyacyl ACP 
thioesterase and not as a 3-hydroxyacyl-ACP-CoA transferase as suggested by Kruger. 

Although Kruger discloses in column 14, lines 2-14 that an en2yme or a combination of 
enzymes that converts p-hydroxy-ACP to B-hydoxyacyl-CoA could potentially be cloned by 
transforming a PHA-negative bacterium harboring only PHA synthase with a genomic library 
constructed from an organism suspected to have the desired activity, and then using the 0- 
hydroxyl-CoA directly as a substrate for PHA synthesis by the PHA polymerase from a single 
carbon source, this is not recognition that one would need to have both phaG and a CoA-acyl 
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transferase or CoA-acyl synthetase in K coli or plants. This is evidenced by the fact that Kruger 
discloses in the same paragraph that any strain making PHA would then be checked to determine 
if PHA synthesis is due to cloning of an acyltransferase (this is referring to CoA-ACP 
acyltransferase; please see discussion in column 12), a thioesterase plus ligase, or {3-ketothiolase 
plus acyl-CoA reductase. It is clear that Kruger does not refer to a scenario wherein a CoA-ACP 
acyltransferase plus a CoA-transferase or synthetase for example are required together, because 
Kruger does not recognize that CoA-ACP acyltransferase can function solely as a thioesterase. 
This is further supported by the disclosure in column 2 3 lines 32-36, that the hydroxyl residues of 
the acyl-carrier proteins are converted to the corresponding CoA-derivatives, and this can be 
mediated in a one-step reaction by an (R)-3 -hydroxyacy 1 (ACP to CoA) transferase (phaG). 

The Examiner's assertion that the CoA-ACP acyltransferase disclosed in Kruger would 
inherently have thioesterase activity is without support. "In relying upon the theory of inherency, 
the examiner must provide a basis in feet and/or technical reasoning to reasonably support the 
determination that the allegedly inherent characteristic necessarily flows from the teachings of 
the applied prior art." Ex parte Levy, 17 USPQ2d 1461, 1464 (Bd. Pat. App. & Inter, 1990). The 
Examiner has provided no facts or technical reasoning to support her determination that the 
thioesterase activity of CoA-ACP acylransferase necessarily flows from the teachings in Kruger. 
The Examiner also asserted that Kruger teaches that phaG can be used in conjunction with other 
PHA biosynthetic enzymes. However, from this teaching, one of ordinary skill in the art would 
expect that phaG can be used in conjunction with (5-ketothiolase, 3-ketoacyl-CoA reductase and 
PHA synthase, the PHA biosynthetic enzymes known in the art, and also depicted in Figure 1 in 
Kruger. 
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In contrast, Applicants use phaG in combination with acyl-Co A synthetase or transferase, 
which is not a PHA biosynthetic enzyme. This is due to the discovery by Applicants that phaG 
in conjunction with other PHA biosynlhetic enzymes would not result in the accumulation of 
PHA's in E. colU since phaG alone was unable to provide the substrates for p-ketothiolase. 

Since Kruger does not recognize the need for an acyl-transferase or synthetase in 
conjunction with phaG 7 Kruger cannot make obvious the claims. 

Allowance of claims 1, 3-13, 15-20, 22-26, 29, and 30 is respectfully solicited. 



Date: August 28, 2006 

PABST PATENT GROUP LLP 
400 Colony Square, Suite 1200 
1201 Peachtree Street 
Atlanta, Georgia 30361 
(404) 879-2151 
(404) 879-2160 (Facsimile) 
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A New Metabolic Link between Fatty Acid de Novo Synthesis and 
Polyhydroxyalkanoic Acid Synthesis 

THE PHAG GENE FROM PSEUDOMONAB PXJTIDA KT2440 ENCODES A 3-HTOROXVACYL-ACTL CARRIER 
PROTEIN-COENZYME A TRANSFERASE* 

(Received for publication, April U, 1993. and in revised form, June 4, 1998) 

Bernd H, A. Rerun, Niels KrOger, and Alexander Steinb<ichel$ 

From the InstitzU fiir Mikrobioloffie, Wegtfalwche Wilkelms - Universi tat Munster, Corr&n££trafSe 3, 
D-48149, Miimter, Germany 



To investigate the metabolio link between fatty acid 
de novo synthesis and polyhydroxyalkanoic acid (PHA) 
synthesis, we isolated mutants of Pseudomonas putida 
KT2440 deficient in this metabolic route. The gene phaG 
was cloned by phono typic complementation of these mu- 
tants; it encoded a protein of 295 amino acids with a 
molecular mass of 33,876 Da, and the amino acid se- 
quence exhibited 4A% amino acid identity to the primary 
structure of the rhlA gene product, which is involved in 
the rhamnolipid biosynthesis in Pseudomcnas aerugi- 
nosa P6201. S t nuclease protection assay identified the 
transcriptional start site 239 base pairs upstream of the 
putative tranelational start codon. Transcriptional in- 
duction of phaG was observed when gluconate was pro- 
vided, and PHA synthesis occurred from this carbon 
source. No complementation of the rhlA mutant P. 
aeruginosa U0299-harborrog plasmid pBKR$l, express* 
tag phaG gene under lac promoter control, was ob- 
tained. Heterologous expression of phaG in Pseudomo- 
no* aleovorans, which is not capable of PHA synthesis 
from gluconate, enabled PHA synthesis on gluconate as 
the carbon source. Native recombinant PhaG was puri- 
fied by native polyacxylamide gel electrophoresis from 
P. oZeouorons-harboring plasmid pBHRSL It catalyzes 
the transfer of the acyl moiety from in vitro synthesized 
3-hydroxydecanoyl-CoA to acyl carrier protein, indicat- 
ing that PhaG exhibits a 3-hydroxyacyl-CoA-acyl carrier 
protein transferase activity. 



Fluorescent psevidomonads belonging to the rRNA homology 
group I are able to synthesize and accumulate large amounts of 
polyhydroxyalkanoic acids (PHA) 1 consisting of various satu- 
rated S- hydroxy forty acids with carbon chain length ranging 
from 6 to 14 carbon atoms as carbon and energy storage com- 
pound (1). PHA isolated from thsss bacteria contained also 
constituents with double bonds or with functional groups such 
as branched, halogenated, aromatic, or nitrile side chains (2). 
The composition of PHA depends on the PHA synthases, the 
carbon source, and the involved metabolic routes (2-6). In 



* The come of publication of thift OrUclo wbto defrayed in part by the 
payment of page charges. This article mu&l therefore ba hereby marked 
\tdveni»&tntnt* in accordance with 18 U.S.C. Section 1784 aolely to 
indicate this ibct. 

The nucleotide scqutmc^s) reported in this paper ha* {reen submitted 
to Hit C&xBvnk^/BBIData Bank with acccs&ion numbers) AF052507. 

% To whom correspondence should be add ragged- Tel.; 49 251 83d 
9B21; Fax; 49 251 833 8386. 

1 The abbreviations used are: PHA, polyhydro*yalk&noic add; ACP, 
acyl currier protein; PAGE, poly aery 1 amide gel electrophoresis; CDW, 
cellular dry weight; kbp, kilobafcC pairCa); ORF, open reading frame; 
HPLC, high performance liquid chromatography. 



Pseudomonas putida at least three different metabolic routes 
occur for the synthesis of 3-hydroxyacyl coenzyme A tbioestere, 
which are the substrates of the PHA synthase (7). (i) 0-Otida- 
tion is the main pathway whan fatty acids are uaed a$ carbon 
source, (ii) Fatty acid de novo biosynthesis is the main route 
during growth on carbon sources that ore metabolized to 
acetyl-CoA, like gluconate, acetate, or ethanoL (iii) Chain elon- 
gation reactions in which acetyl-CoA moieties are condensed to 
3-hydroxyacyl-CoA ie involved in the PHA synthesis during 
growth on hexanoate. Recently, recombinant PHA MCL (MCL = 
medium chain length) synthesis was also obtained in a 0-oxi- 
dation mutant of Escherichia coli LS1298 (fadB) expressing 
PHA synthase genes from Pseudomonas aeruginosa (8, 9), in* 
dicating that the 0 -oxidation pathway in E. coli provides ore* 
cursors for PHA synthesis (8)* From extended homologies of the 
primary structures of PHA**.^ synthases to PHAg^ (ECL = 
short chain length) synthases (1), which occur in bacteria ac- 
cnmulating poly($-hy d roxybu tyri c acid) such as e^. Alcaligenes 
eutrophus, it seems also likely that the substrate of PHAhgl 
synthases is CR)-3-hydraxyacyl-CoA in pseudomonads. The 
main constituent of PHA of P. putida KT2442 from unrelated 
substrates such ae gluconate ie CR)-8-hydroxydecanoate (7, 10, 
11). Thus, to serve as substrate Ibr the PHA synthase, (JK)-3- 
hydroxyacyl-ACP must bo converted to the corresponding CoA 
derivative. This can be mediated in a one step reaction by an 
GR)-3-hydro*yacyl (ACP to CoA) transferase. Another possibil- 
ity is the release of Cr?)-3-hydro3(ydecanoic add by a thioester- 
ase, and subsequent activation to the CoA derivative. Only few 
enzymes have been described catalyzing a similar reaction. 
Examples are the malonyl-CoA'ACP transferase, which cata- 
lyzes the transfer of the malonyl moeity from CoA to ACP (12), 
and <K)-8-hydro3cydecanoyl-ACP-dependent UDP-GlcNAc acyl. 
transferase, which catalyzes the transfer of hydrozydecanoyl 
moeity from ACP to UDP-GlcNAc (13, 14). In thie study, we 
describe the isolation and characterization of P. putida KT244Q 
mutants, which are defective in the PHA synthesis via fatty 
acid de novo biosynthesis, and we identified and characterized 
the gene locus, which phenotypically complements these mu- 
tants. The gene product of phaG was purified, and the cata- 
lyzed reaction was identified, 

EXPERIMENTAL PROCEDURES 

Bacterial Strains* Ptasmid*, and Growth of Bacteria — Pseudo- 
monads and Escherichia coli e trains as well as the plasnrids used in this 
Btudy are listed in Table L E. coli was grown at 37 °C in Luria-Bertani 
(LB) medium. Pernio o monads were grown at 30 *C cither in nutrient 
broth complex medium (0.fi<$, w/v) ox in a mineral salts medium with 
0.05% (w/v) ataaoruA (15). 

Nitrosoguanidinc M utagenc$i$— MtttOgeaeaia was performed accord- 
ing to Millar (16). CeQs were incubated for 15 mia in the preeBnoe of 200 
PS of /sT-niB thyl -N' -ni tro-AT - nitro^oguanidlne/ml. 

Polyester Analysis — iA-fi mg of lyophlliaed cell rA&terial was subjected 
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Fig. 1. Nucleotide sequence of frag- 
ment &8. Amino acids deduced from the 
nucleotide sequence are specified by 
standard <me*letcer abbreviations. The 
promoter sequence ("-10" and *-35") is 
boxed. Putative ribofcomc binding sites 
ore indicated by black bars and the letters 
S/D. The position of n tentative factor- 
independent transcriptional terminator 
downstream of phaO is indicated by or- 
row;*, An arrow starting with a dot indi- 
cates the transcription start and di- 
rection of transcription. 
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to raothanolysis in Iho presonoo of 15ft (v/v) Bulfuric ecid. The resulting 
methyl eercrs of the constituent S-hydroxyalkanoJo acids were assayed 
by gas chromatography according to Brand! it at. (17) and as described 
in do toil recently (10). 

Isolation, Analysis, and Manipulation of DMA— Plasmld DMA was 
prepared from crude lysates by the alkaline extraction procedure (18). 
Total genomic DNA woe isolated according to Auaubel er al (19). All 
generic procedures and manipulations of DNA were conducted as de- 
scribed hy Sarabrook et al (20). UNA sequencing was carried out by the 
dideoxy chain torzninauon method (21) with sillgie-eVranded or vita 
double- strand e d alkali-denatured plasmld DNA but with 7-deaza- 
gvanosine 5 '-triphosphate instead of dGTP (22) and with a-^S-dATP 
using; a T7 polymerase sequencing kit according; to the manufacfctirer'a 
protocol (Ameraham Pharmacia Biotech), Synthetic oligonucleotides 
were uaod as primers, and the ^pru^^hopping strategy'* (23) was 
employed. Analysis was done in 8% (w/v) Bcrylamide gek in buffer, pH 
8.3, containing 100 aw hydrochloride, 83 mM bono acid, 1 mtl EDTA, 
and 42% (w/v) urea in a S2 -sequencing apparatus (Life Technologies, 
Inc.). Nucleic acid sequence data and deduced amino acid sequences 
were analysed with the sequence analysis software package (version 
6.2, June 1990) according: to Dovoreux er al (24). The nuclaotidG and 
amino acid sequence data reported here have been submitted to Gen- 
Bank™ under accession number AF 05 2507, 



Determination of the Tiun$criptional SiCkrt Site*— Total RNA was 
isolated 09 described by Oelmuller er al. (25). The determination of the 
transcriptional snort site was done by a S 2 nuclease protection assay. 
The hybridization conditions tor the 8 4 nuclease protection assays were 
done as described hy Berk and Sharp (26) and Sambrook ef al (20), and 
the S x nuclease reactions wBre conducted as described by Aldea it al 
(27)* DNA probes and dideoxynucleotide sequencing reactions lor sizing 
the signals were performed with pBluescript SK~BH18 DNA as a 
template. In the fmnpnling reaction, the oligonucleotide (5'-GGGTAT- 
TCGCGTCACCT-3 ') complementary to positions 887 to 871 and the 
oligonucleotide 5'-CCGCATCCGCGCGATAG-d' complementary to po- 
sitions 986 to 970, respectively, were used for *°8 labeling. For all 
mapping experiments, 25 jig of RNA was mixed with the labeled DNA 
fragments (10* cpm/fxg of DNA). 

Polymerase Chain /?cccft'on— PolymeraE e chain reaction amplifica- 
tions were performed in 100-pd volumes according to Sarabrook et al 
(20) in an Omnigene t^rmocycler (Hybaid Ltd., Teddingten, U. K.) 
with Vent polymerase (New England Biolabs GmbH, Schwalbach, Ger- 
many). ThO following oligonucleotides were used &g primers to amplify 
the coding region cfphaG to construct pi ae mid a pBHR-QG (derivative 
Of pQE60 (Qiagen), insertion into NcoVBamRl sites) end pBHRBl (de- 
rivative or pBBRlMCS-2 (28). insertion into BcoKUBamYC sites), 
respectively: G'-GATGCCATGGGAAGGCCAGAAATCGCTGTA^3 f , 5'- 
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FlO- 2- Homology Of the p/wG gene product to RhlA (40) and the putative gene product (GonEMBL data library, accession 
UUttibcx L021O5) of P. aeruginosa* That pail Of the amino add sequent that was deduced from the improved open reading frame analysis of 
the qin nucleotide sequence is given m loto&xasc Ittters. Matching amino acids arc boxed. Dashes indicate gaps, which were introduced to improve 
the alignment. Niwibci* indicate the positions of the amino adde in the respective proteins. 



CGCQQATCCQATOOCAAATGCATGCTGCCC-3' (pBHR-QGX* S'-CG* 
OAATTCaAGGAGTCGATGACaTG-3', 6'-CGCGGATCCCGGCGCOC- 
CGTGGCC-3' (pBIIRSl). Both plasmids possess artificial ribosome 
binding sites conserved far E. coli t and Uon Scrip tion is regulated by the 
lac promoter. 

Preparation of Cell Extracts and Electrcphoretic Mcffaxk— Approxi- 
mately 1 & (wet weight) of E. coli calls were suspended La 1 ml of buffer 
A (50 mx Trifl hydrochloride, pH 7,4, QJ8<& (vAr) Triton X-100, 10 mM 
MgClQ> 10 my EDTA, which waa supplemented with 200 as of phenyl- 
methylsttttbnyl fluoride per ml) and disrupted by Bonification for 1 min 
at an amplitude of 14 ^.m in a "W 250 SOnf tier (BrOJieon SchaUkroffc 
GmbH, Germany). Soluble cell fraction* woro obtained as supernatants 
from SO mitt of ceatrifagatton at 60,000 X g and 4 °C. SD&- and mer- 
oaptoeth&nol-denatured proteins were separated in 11,5% (w/v) po^y- 
acrylomido gela in Tris-glycine buffer (25 mw TriS. 190 mM gflytinO, 
0.1% (w/v) $D$ (29) and Stained with Coomcvfisie DrilHant Blue (30). 

Purification of Recombinant PhaG-His Tag and PhaO — Becom^i- 
nanl PhnG-(rns) d tag (C-lermina) fufiion) wae puriGed from E. coli 
JMl 09 -harboring pkamid pBHR-QG- Crude extract wae subjected to 
Ni'^-nitrilotriacetic ecid-flgaTOfie and washed twice with 20 inwt imid- 
atole, and thu Fha&-(lliB)^ tag was ehited with 250 mM imidazole. 
PuriCod Fha(MHiB) v tag was used to raise anti-FhoG antibodies. Na- 
tive PhaG was purified from Pstudomcnas oleooorans ATCC 29347- 
harbormg plasmid pBHH61 by native preparative PAGE (1«& (w/v) 
polyaerylomide) applying the PropCeU 4B1 (Bzo-Bad). 

Analysis of (R t S)-3-Hydroj^acyl-CaA or ACP ThioesUr by High Per- 
formance Liquid Chromatography (HPLty—As a reference eubetance, 
(2tS>3-hydroxydecanoyl-CoA was synlheeized using 10 milHunita of 
acyl-CoA synthetase (Sigma) in 100 jud of 50 mM Tria-HGl, pH 7.5, 
containing 2 mM ATP, 6 mM MgCl^ 2 mx coenzyme A, and 2 mM 
(^5M-hydroxydecaiioate. The reaction was Stopped by the additSon of 
6 volumes of Dole's reason* (60% (v/v) t £0% (v/V) n-heptane, 0.02 w 
Hg$0 4 ) t and remoinixig free fatty acid was extracted with n~heptane. 
C^S)-3-rIydrojrydGcanoyl-ACP was synthesUed as described by Rock 
and Cranan were used (31). HPLC atialy^a was conducted with a IIP 18 
column (nucleosil C18 r 7 ^m, Knauer) and 26 mM potassium phosphate 
buffer pH 6.3 as mobile phase. Thioojrtow were ehited with increasing 
ocetonitrile gradient and detected with a diodB array detecw (DAD 
540, Kontron) et a spectral Tange of 200 to 500 nm with a 0.8-nxn 
spectral resolution. 

Assay of Transfvr of 3 -Hydroxy decanoct* from CcA to ACP— The 
transferase assay was conducted in 100 m! of 50 mM Tris-HCl, pH 7.5, 
containing & mM MgCl^, 2 mu ftthiocrythrol, 500 acyl carrier pro- 
tein (Sigma), and 2 mM CR,S)-3-nydroxydecanoyl-CoA with a 100-^g 
protein of crude extract or 30 Mg of purified PhaQ. After incubation for 
4 h at 37 *C, the reaction was slopped by the addition of Dole's reagent, 
and the reaction mixture was analysed by HPLC. 



RESULTS 

Complementation of Mutants Effected in the PHA Synthesis 
via de Novo Fatty Acid Biosynthesis — Mutants of P. putida 
KT2440, which are only deficient in the metabolic route-linking 
fatty acid dc novo synthesis, were generated with nitrosogua- 
niduie according to Miller et al (16). Five mutants (PhAG^) 
war© identified, which accumulated PHA only up to Z% of the 
cellular dry weight (CDW) from gluconate but up to 85% PHA 
of CDW when cultivated on octonoate ae the sole carbon source* 
The composition of the polymer was not affected. We con- 
structed a library of £^oRJ-di£99ted p. putida KT2440 genomic 
DNA with the coamid vector pVKlOO (82) and the Gigapack II 
Gold Packaging Extract (Stratagene Cloning Systems, La 
Jolla, CA) ini£ coti 3X7-1. Approxiinatery 5,000 fransdnctants 
were applied to muucompleme&tation experiments, with mu- 
tant FHAGtf-21 ae recipient. One of the hybrid cosmids 
(pVK100:aC18) harbored three £coRI-fragments (3, 6, and 9 
kbp) and enabled PKAG^l to accumulate PHA from gluco- 
nate. Subcloning revealed that the 3-kbp ^coRI fragment (£3, 
pMPE3) complemented PHAG^21 and any other PHAG^ mu- 
tant exhibiting this phenotype. Complementation was not 
achieved by the hybrid cosmid pHPl01€::PP2000 compriBing 
the entire 7. 3-kbp PHA synthase locus of P. aeruginosa PAOl 
plus approximately 13 kbp of the upstream region or by the 
hybrid cosmid pHP1016: JP180 comprising the phaC2 gene of 
P. aeruginosa PAOl plue approximately 16 kbp of the adjacent 
downetream region (10). 

Determination of the Gene Locus and Nucleotide Sequence of 
pho G — Fragment £3 was cloned into pBhiescript $& and the 
entire nucleotide sequence was determined (Fig. 1). It com- 
prised 3.061 nucleotides with three OHFs (Fig. 1). The only 
ORF that completely localized on this fragment was OJRF2 
with 885 nucleotides starting at position 911 and terminating 
at position 1795 (Fig. 1). OSF2 will be referred to as phaG. A 
putative S/D sequence waa identified eight nucleotides up- 
stream of the start cod on. About 230 bp downstream of the 
translational stop codon a potential factor-independent tran- 
scription terminator was located (Fig, 1). ORFl and ORF3 are 
localized only incompletely on E3 with ORFl lacking the 5'- 
region and with ORF3 lacking the 3'*region. The amino acid 
sequence deduced from ORFl revealed significant homologies 
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Table I 
Bacterial strains and plasmids 



SXrolxa And plumida 



Relevant charaetorirtiet 



Source or 



Strains 
P. putida 
KT2440 

PIUG N -21 

P. otcovaixLtut 
P. aeruginosa ■ 
S. coti 
S17-1 

JM109 

Flaamida 
pHPlO16::PP180 

pHPl0l4::PP2000 

pVRlOO 

pVKlOO::KlB 

pMP92 
pMPBd 
pUCP27 
pBHR75 

PMPSE22 

pBBRlMCS-2 
pBHRfil 

pBluescript SK~ 
pBluescripc SK'BHld 

pQE60 
pBH&QO 



mfc-2, hsdRl Cr'm*), ohac 
TOL plastnid 

P. putida KT2440 mutants 
OCT plaamid 
Prototroph, Alg~ 

recA; harbor* the tra genes of plaamid RP4 in the chromosome; proA, 

recAl sndAl gyrA3€ thi hsd&17 <rfr,mk*) svpE44 rtlAI, lac 
WproAB laclqZAM15) 

Tc T , Km', pkaC2y a> phaD^, 0RF4 orientation of the Cm promoter 

antilxnear to pXaC2 
Tc*. Km r , ^AoCl^ pAnZ^ ORPl, ORP2, pAaD^, OBF4' 
Tc T , Km', broad boat Tangs cosmic 

pVElOO harboring three genomic ScoRl fragment* of P. putida 
KT2440 harboring pfoxG 
TV, broad host range plaamid 

pMP92 containing the 3-fcbp S3 fragment harboring phaG 
Te* T broad boat range plaamid, laePOZ' 

pUCP27 containing the 1-3-fcbp ZfcrtHI-fiindm Bubfragment of £3 

comprising phaG including the native promoter 
pMF92 containing tho 2.9-kbp Sall-EooTXl aubfragment of E3 harboring 

pkaG without promoter 
Km', broad host range > lacPOZ* 

pBBRlMCS-2 containing coding region aiphaQ dov/nfctreara of lac 

promotor 
An', lacPOZ\ 17 and T$ promoter 

pDlueacript SKT containing 1.3-kb BamSLHindW. Bubfragment of £3 

comprising phaG including the natire promoter 
Ap', lacPi C terminal His tag fusion 

pQEGO eontairdng coding region of phaG mNcoVBoTnHl site in-frame 
to create His tog fusion 



(45) 

This study 
ATCC 2W47 
ATCC 16693 

(46) 

(21) 



<47) 

<47) 
(82) 

Tfcia OTudy 

(48) 

Thia study 
(49) 

This study 
Thia study 
(23) 

Thia study 

StrOtHgens 
Thia study 



Thia study 



ct 



to a hypothetical, not further characterized protein of He- 
mophilus influenzae (33). Id contrast, the arniwn acid, sequence 
deduced from ORFS did not reveal any significant homology to 
proteins available from EMBL data base. Several other smaller 
ORFs were detected. However, none of them did obey the rules 
of Bibb et al. (34) fox a coding region or woa preceded by a 
reliable ribosomal binding site. 

Characterization of the pIiaG Tranelational Product— -The 
codon usage* in phaQ, ORF1 and ORFS agreed well with typ- 
ical P. putida codon preferences. The G + C content of 59.2 mol 
% for phaG was similar to the value of 60.7 to 62.5 mol % 
determined for total genomic DNA of P. putida (S5). The phaG 
gene encodes a protein of 295 amino acids with a molecular 
mass of 33,876 Da. Sequence alignments of the amino add 
sequence deduced from phaG revealed a 44% overall identity to 
the rhlA gene product of P. aeruginosa FG201 (Fig, 2). RhlA 
also consists of 295 amino acids and has a molecular mass of 

32.5 kDa. This gene represents the 6 '-terminal gene of a gene 
cluster consisting of the genes rhlA, rhlB, and rhlR. The first 
two genes encode proteins involved in rhamnolipid biosynthe- 
sis. The rhlB gene product exhibited rhanmosyltroieferase 
activity, whereas the function of RhlA is not yet characterized 
but is necessary for effective rhamnolipid biosynthesis. RhlR 
represents a transcriptional activator acting upon o^-depend- 
ent promoters (36). The C-teraainal regions of RhlA and PhaG 
revealed high homology to a gene region (qin) at P. aeruginosa 
encoding the so-called "quinolone-sensitivity protein" (Gen- 
EMBL data library, accession number L02105) amounting to 

50.6 and 40-1% to PhaG or to RhlA, respectively, in 249 over- 
lapping residues (Fig. 2). This region comprises 1503 nucleo- 
tides. The N terminus of the qin gene wae not exactly deter- 
mined, and the homology as depicted in the data base extents 
only from nucleotide 207 to 566 of this sequence (Fig. 2). How- 



ever, translation of this sequence in all six reading frames and 
a subsequent tBLASTn search resulted in the identification of 
homologies also in the upstream region of the suggested qin 
tranalational start codons but in different reading frames with 
the N-terminal region of PhaG and RhlA. 

Identification and Regulation of the Promoter— -344 bp up- 
stream of phaG, a putative ^-dependent promoter structure 
TTGCGCN X7 XTGAAT (where N is a nucleoside) was identic 
fled. The promoter was verified by complementation studies of 
mutant PHACV21 with subfragraents of ES. The 2.2-kbp Sail- 
Ecom subfragment (SE 22. pMPSE22) (Fig. 1, Table I), which 
lacked the above-mentioned promoter sequence, did not com- 
plement this mutant, whereas the 1.3-kbp BamKL-HmaJLl sub- 
fragment (BH13, pBHR75) (Fig. 1, Table I) of E3 conferred the 
ability to again synthesize PHA from simple carbon sources. In 
addition, the significance of this putative promoter structure 
was proved by S A nuclease protection with total SNA isolated 
from gluconato-grown and octanoate-grown cells of P. putida 
KT2440 harvested in the stationary growth phase. The tran- 
scriptional start site was identified 5 nucleotides downstream 
of the putative promoter consensus sequence at position 673 
(Fig. 1, 3). For octanoate-grown cells only an extremely weak 
RNA signal was detected, whereas a strong signal occurred 
with RNA isolated from gluconate-grown cells (Fig. 3). This 
indicated a strong transcriptional induction of phaQ under 
conditions of PHA synthesis via fatty acid do novo biosynthesis. 

Heterologous Omrexpre&sion of pJiaG in E. coli — A plaamid 
expressing a C-tenninal His(6) tag fusion protein of PhaG was 
constructed. The resulting- plasmid pBHR-QG enabled overex- 
presfiion ofphaQ under lac promoter control in E. colt JM109 
(Fig. 4). The fusion protein could only be purified under dena- 
turing conditions by immobilized metal ion affinity (Fig. 5) and 
was used as antigen to raise antibodies. 
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EcoRJ 



FlG. 3. S, nuclease protection 
Lanes A, C 7 Q, and T", standard sequencing reactions to size the map- 
ping signals. RNA was isolated from ghiconate-grown (lanes 1 and 3) or 
octenoate-grown (.lant 4) cells of P. putwfa KT2440 Hants 1 and 3) and 
A, cu trophu* Hl6 (fan* £). 



Functional Homologous and Heterologous Expression of 
phaG — Functional expression, as revealed by complementation 
of mutant PHAG^l, was obtained from plasmid pBHR&l, a 
derivative of vector pBBRlMCS-2 (28) containing the coding 
region of phaG in sites Ecoffl/Bamfil (Fig. 4, Table II). Addi- 
tionally, transfer of pBHRSl into P. oteovoran$ ATCC 29347, 
which is not capable of PHA. synthesis from simple carbon 
sources, resulted in PHA accumulation from gluconate contrib* 
la ting to about 55% of CDW (Table II). Thus only functional 
expression of phaG in P. ohovorans established & metabolic 
link between fatty acid de novo biosynthesis and PHA synthe- 
sis. Expression of phaG in P. aeruginosa PAOl based on plas- 
mid pBHR81 revealed an -40% increase in PHA accumulation 
(Table II). We alfio investigated functional expression of phaG 
in E. toll JMl09-har boring plasmids pBHRgl and pBHR71 
allowing functional expression of PHA synthasa gene phaCl 
(8), but no PHA accumulation was observed when cells were 
grown on glucose. Furthermore, transfer of pBHRSl into P. 
aeruginosa U0299 (rhlA) did not result in COmplemention of 
this mutant with respect to rhamnolipid synthesis (data not 




Fig. 4. Restriction maps of plasmids pBHR-QG (a) 
pBHRdl (b). kb, miobases. 



and 



shown). Thus PhaG does not functionally replace RhlA. To 
evaluate whether PhaG exhibits PHA synthase activity, we 
cultivated the P. putida PHAC^, mutants harboring pBHftBl 
under nonlimited nitrogen conditions, which resulted in de- 
creased PHA synthase levels and decreased PHA accumulation 
(37). No increase in PHA accumulation was observed when 
cells were grown on gluconate in the presence of PhaG (data not 
shown). 

Enzymatic Assay of PhaG — Native PhaG was purified from 
crude extracts of P. ohtovorand (pBHRgl) by native PAGE as 
described under Experimental Procedures." Recombinant 
PhaG showed high mobility in native PAGE, which could be 
utilized for one-step purification (Fig. 5). PhaG was also iden- 
tified by N-terminal amino acid sequencing. 

Purified PhaG and Crude Extracts from P. oleovorans 
(pBHRSl) were employed to demonstrate enzymatic activity of 
PhaG. As substrate we provided in vitro synthesized (tt,S)-3- 
hydroxy decanoyl-CoA and analysed the reaction products by 
HPLC (Fig. 6). P. oleovorans harboring only vector 
pBBRlMCS-2 and heat-inactivated purified PhaG served as 
negative control. The HPLC data clearly demonstrate that, 
applying either crude extract or purified PhaG, a transfer of the 
3-hyuTOxydecanoyl moeity from CoA to ACP occurs (Fig. 6). The 
omission of MgCl 8 resulted in a loss of enzymatic activity, 
indicating that Mg01 s is an important cofactor. Furthermore, 
we applied the straight chain octanoyi-CoA and decanoyi-CoA 
thioesters as substrate. None of these CoA thioesters yielded 
the corresponding ACP thioester, and they were therefore not 
accepted as substrate by PhaG. 
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FiO. 5. <t, heterologous expression of phaG'His tag in £. ctAi and 
puriucaiion. Cytoplasmic £racticn& obtained from cells of recombinant 
strains of £. co/i grown in LB medium and fractions from batch purifi- 
cation with Ni s **nllrilotriticetk arid-agaroee were separated in 11.6* 
(w/p) polyacrylomide gels and stained to visualize protein with Serva 
blue R. M, molecular weight steads* da. Lotus i. crude extract of H. coi* 
JM109 (pQECOh /cms 2, crude extract of coir JM109 (pBHR^QG); fan* 
3. etuate after washing with 20 mM imidazole; /arte 4, purified PfcaGr-His 
tag after elution with. 850 mM imidazole, t, heterologous expression of 
phaG in P. oleovorun* und purification of native FhaG. P. oleovorane- 
harbonng pBHRSl was cultivated 16 h at 90 *C on mineral salts me- 
dium containing 1% (Wv) gluconate. Crude extracte were applied to 
native PAGE CPrepCell 4M, Bio-Rad). and the first fraction with hi#b 
absorption at 230 nra yielding purified PhaG waa analyzed. M, molec- 
ular weight standard*. Lane 2, crude extract of P. oUooorans 
(pEBRlMCS-2); lane 5. erode extract of P. olcovomn* (pBHRfil); lane 3, 
first protein eluaLe Gram native PAGE containing pure PhaG. 

DISCUSSION 

Phenotypical complementation of P. putida KT2440 PHAGxr 
mutants, which are affected in PHA bioBynthesis based on fatty 
odd de novo biosynthesis, led to the identification and charec* 
tcrization of phaG as a new gene locus relevant for PHA. bio- 
synthesis in P. putida. The PHA synthesis pathway via ^-oxi- 
dation was not impaired in the PHAG^ mutants. PHAG^ 
mutants were not complemented with the PHA synthase locus 
of P. aeruginosa PAOl and adjacent genomic region. Therefore, 
PHAGjv mutants are not defective In the PHA synthase Iocub, 
and most probably phaG is not closely linked to the PHA 
synthase locus. Furthermore, phaG is not in general essential 
for the synthesis of PHA in P, putida KT2440 but is only 
required far PHA synthesis and accumulation from gluconate 
or other simple carbon sources, which are catabolized to acetyl- 
CoA in this organism before PHA synthesis starts. 

From results of labeling studies, nuclear magnetic resonance 
spectroscopy and gua chroraatography-masG spectroscopy 
£ggink ct al (4) and Huijberts et aL (7, 38) concluded that the 
precursors ofPHA M (x biosynthesis from simple carbon sources 
are predominantly derived from (ff)-3 -hydroxy aeyl-ACP inter- 
mediates occurring during the fatty acid de novo biosynthetic 
route. Since the constituents of PUB and PHA represent the R 
configuration, and since PHA^ and PHA MCX synthases are 
highly homologous, the intermediates in fatty acid metabolism 
ore presumably converted to CK >-3-hy droxyacyl-CoA before po- 
lymerization. Nevertheless, some other routes of PHA synthe- 
sis are also possible. Other conceivable alternatives are the 
release of free fatty acids by the activity of a thioest erase with 
■ a thiokinase, subsequently activating these fatty acids to the 



corresponding hydrosryacyi-CoA thioesters or chain elongation 
with jS-ketothiolase, or 3-oxidntioa of synthesized fatty acids. 
Evidence for the latter pathways in P. putida (7) was obtained 
and explains why phaG mutants are not completely defective in 
PHA WCL biosynthesis from gluconate. Functional expression of 
either PHA synthase and accumulation of PHA MCL from fatty 
acids indicate that PHA synthases are not utilizing (7?)-3-hy- 
droxyacyl-ACP derivatives as substrate (8, 9). 

All mutants analyzed and complemented by phaG synthe- 
sized PHA to some extent (0.5-8% CDW) with a typical mono- 
mer composition of polyester derived from simple carbon 
sources, as far as detectable- However, analysis of mutant 
complementation studies and the genomic organization of 
phaG revealed no indication for the existence of another pro- 
tein ftflsraitlal lor the PHA synthesis from simple carbon 
sources in P. putida KT 2440. Therefore, most probably only 
one additional specific enzymatic step is required for PHA 
synthesis from gluconate that is not required for PHA synthe- 
sis from octanoate. This hypothesis was supported by the ob- 
servation that only PhaG conferred the ability to synthesize 
PHA from gluconate to P. oleovorans, which lacks this capabil- 
ity (Table ID- Furthermore, the analysis of enzymatic activity 
of PhaG strongly suggests that one enzyme is sufficient to link 
fatty acid de novo synthesis with PHA synthesis (Pig. 6). Evi- 
dence that PhaG is not directly involved in synthesis of PHA- 
mol was provided by cultivations of the P. putida PHAG^ 
mutants (pr3HR81) under nitrogen limited and nonj&aited con- 
ditions. Under aonlimited conditions the level of PHA syn- 
thases and PHAmcl accumulation is significantly decreased 
(37), and even in the presence of PhaG, no increase in PHA^l 
synthesis was observed. 

Although no complementation of rhamnolipid Synthesis in P. 
aeruginosa rhlA mutant U0299 was obtained with phaG ex- 
pressed from plasmid pBHRfll, the high degree of homology of 
phaG to rhlA and the gin region of P. aeruginosa, respectively, 
indicates a related function of these proteins. The exact func- 
tion of the "quinolone sensitivity protein" has not yet been 
described. Quinolones such as nalidixic acid are synthetic an- 
tibiotics exhibiting strong antimicrobial effects on Gram-nega- 
tive bacteria including P. aeruginosa. The rhlA gene product is 
involved in the rhamnolipid biosynthesis of P. aeruginosa 
PG201, which are synthesized as biosurfactanta during the late 
exponential and stationary growth phases. Rhamnolipid bio- 
synthesis proceeds by sequential glycosyl transfer reactions, 
each catalyzed by specific rhanmosyhraneferases with TDP- 
rhamnose acting as a rhamnosyl donor, and 3-hydroxyde- 
canoyl-3-hydroxydecanoate or L-rhamnusyl- 3 -hydroxy de- 
canoyl-3-hydroxydecanoate acting as acceptors as proposed by 
Burger et aL (39, 40). 3-Hydroxydecanoate can be formed via 
0-oxidafcion or via fatty add d$ novo biosynthesis (41). A dimer 
consisting of two 3-hydroxydecanoic acid molecules is formed 
by a hitherto unknown mechanism. BhlA significantly en- 
hanced the level of rhamnolipids in rhamnoUpid-negative mu- 
tants of P. aeruginosa PG201 when it was coexpressed with the 
rhamnosyltransferase (RhlB) as compared with the expression 
of the isolated rhlB gene, 

3-Hydroxyacyl-ACP intermediates provided by fatty acid bio- 
synthesis axe presumably the common intermediates of PHA 
and rhamnolipid biosynthesis from gluconate. If the ACP de- 
rivatives themselves do not serve as substrates for PHA syn- 
thases or enzymes involved in rhamnolipid synthesis for the 
condensation of two 3-hydroxydecanoyl moieties, they must be 
either directly transesterified to the corresponding CoA deriv- 
atives or transferred to CoA thioesters by the combined action 
of a thioeat&rase and a thiokinase. Various transacylaaes and 
acyltransferases have been described and well characterized 
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Table n 

Complzmtntation of P. putida mutant PHAGES and functional heterologous exprz&aicn ofphaC if» voriout pttudomonads 
PHA content and comoaomer composition of various psevdomonada harboring either vector pBBRlMCS-2 or pBHRai. Cells were grown for 46 h 
at 37 °C (P. aeruginosa) or at 80 "C (all otherg). Cultivations were performed in a mineral salts medium containing 1% (v/v) gluconate. PHA. content 
and CO monomer composition were analysed. SHHx, d^iydroxyhexanoatB; aHO, 3-hydrojtyoctanoate; SHD, 3-hyaxo*vd^eanoate; 3HDD, 3-hy- 
droxydodecanoate. 



Strain 




PHA content 




Compo&ition of PHA 






JHO 


3HD 


8HDD 






%<w/w) CDW 










P. putida KT2440 


pBBfclMCS-2 


54 


3.1 


£4.2 


66.4 


6.3 




pBHRgl 


60 


3.2 


14.2 


75.1 


7.6 


P. putida FHAGw-21 


pEBRXMCS-2 


3 




25.3 


65 


10 




pBHRSl 


50 


3.1 


14.2 


76,6 


6.1 


P. aeruginosa PAOl 


pBBRlMCS-2 


37 


2.5 


20.6 


68 


» 




pBHRSl 


61 


2.6 


26 


60 


12.4 


P- deevcromf 


pBBElMC^-2 


3 


ND 


ND 


75 


25 




pBHRBl 


45 


1 


7.5 


7a 


13.5 



Q ND, not detectable, 
* Strain ATCC29S47. 



FIG. 6. BTPLC analysis of reaction 
products from enzymatio assay with 
FhaQ. a, crude extracts from various bac- 
teria harboring cither (a) vector 
pBBRlMCS-2 (negative control) or Co) 
pla&mid pBHRSl wore employed for the 
enzymatic PhaG aaaay. <f, purified FhaG 
was directly used lor the assay (c) with 
heat-ui activated FhaG ad negative con- 
trol. 3flj^raxydeconQjl-CoA (ZHD-CoA) 
was provided &b substrata, and the trans- 
fer of the acyl mooity to ACP was demon- 
strated (B-hydroxydec&riorl-ACP (&££• 
ACP)). Peaks were identified based on 
their R f values, by co-chrumatography, 
and by their fipoctra. The identity of rele- 
vant peaks woe indicated. 
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catalyzing the direct transfer of an acyl moiety, &g. (i) the 
jnalonyl-CoA-ACP transferase, which catalyzes the transfer of 
the malonyl moeity from CoA to ACP (12) and (U) the hydroxy- 
de<ianoykACF-dependent UDP-GlcNAc acyltransferase, which 
catalyzes the transfer of hydrosydecanoyl moeity from ACP to 
UDP-GlcNAc (13, 14). Tha bacterial acyltransferase LpxA is 
one representative of a large family that possesses conserved 
repeating hexapeptides (42). Sequence analysis of membrane- 
bound glycerolipid acyltransferases revealed that these pro- 
teins share a highly conserved domain containing invariant 
histidine and aspartic acid residues separated by four less 
conserved residues in as HX4D configuration (43). Site -directed 
mutagenesis of the invariant histidine resulted in lack of ac- 
tivity, indicating an essential role of this residue (43). Although 
no significant homology of PhaG to tran&acylases and acyl- 
transferases was found, this highly conserved HX 4 D mini-motif 
is also present in PhaG at positions 176-181 of the amino acid 
sequence (Pig. 1), suggesting a similar function of PhaG. The 
studies on heterologous expression of pkaG and the enzymatic 
characterization of PhaG strongly suggests that FhaG cata- 
lyzes the conversion of (fl>3-hydroxyacyl-ACP to CR)-3-hy- 
droxyacyl-CoA derivatives (Table II, Pig. 6), which serve as 
ultimate precursors for the PHA polymerization ten unre- 
lated substrates in paoudomonads proposed recently (4, 44). 
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